Bis(hydrosulfido)-bridged dinuclear rhodium(I) complexes as a platform for the synthesis of trinuclear sulfido aggregates with the core [MRh 2 (µ µ µ µ 3 -S 2 )] (M = Rh, Ir, Pd, Pt, Ru)
Introduction
The chemistry of transition metal sulfido clusters has been attracting significant attention because of their relation to the 25 active sites of certain metalloenzymes and industrial metal sulfide catalysts for hydrotreating processes. 1 The development of rational synthetic methods has allowed for the preparation of a wide range of multimetallic cores with bridging sulfido ligands having the desired metal composition and metal-sulfur 30 framework. 2, 3 In this context, hydrosulfido metal complexes are fundamental building blocks for the rational synthesis of sulfidobridged homo-and heterometallic clusters. 4 Mononuclear bis(hydrosulfido) complexes, M(SH) 2 , or dinuclear compounds bridged by two hydrosulfido ligands, M(µ-SH) 2 M, have turned 35 out to be useful precursors for sulfido-bridged clusters. -ditert-butylcyclopentadienyl) have been successfully applied to the synthesis of early-late heterobimetallic complexes (ELHB) through additive deprotonation reactions with mono-and 4 ] clusters based on these platforms have been described. 18 20 We report herein on the synthetic application of compounds [Rh(µ-SH) L 2 ] 2 (L 2 = (CO)(PR 3 ), {P(OPh) 3 } 2 ) that constitute a versatile dinuclear Rh(I) platform for the controlled synthesis of mixed-metal sulfido-bridged aggregates with the core [MRh 2 (µ 3 -S) 2 ] through the anionic 2 L 4 ] 2-species.
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Results and discussion
Synthetic strategies for the preparation of trinuclear sulfido compounds
The monodeprotonation of bis-hydrosulfido dinuclear complexes [Rh(µ-SH) L 2 ] 2 (L 2 = (CO)(PR 3 ), {P(OPh) 3 } 2 ) in the presence of 30 cationic d 8 -[M(diolefin) ] + metal fragments has allowed for the preparation of trinuclear hydrido-sulfido clusters [L 4 Rh 2 (µ-H)(µ 3 -S) 2 M(diolefin)] (M = Rh, Ir). The 48-valence-electron clusters can be described as composed by two metal-metal bonded 16-electron M II metal atoms, with square-pyramidal geometries due 35 to the coordination to the bridging hydride ligand, and a 16-electron square-planar M I centre. 14, 15 The formation of the core [MRh 2 (µ-H)(µ 3 -S) 2 ] is a consequence of the deprotonation of a hydrosulfido ligand in the presence of d 8 metal fragments to give the trinuclear hydrosulfido-sulfido intermediates with the core 40 [MRh 2 (µ 3 -SH)(µ 3 -S)] that collapse to the hydrido-sulfido clusters by a intramolecular proton transfer (pathway i, Scheme 1). Alternatively, the deprotonation of both hydrosulfido ligands should result in the formation of the anionic [Rh 2 (1). Compound 1 was isolated as black microcrystals in 86% yield after separation of the formed ammonium salt by extraction with toluene (Scheme 2). The formation of 1 was confirmed by the 60 ESI-MS spectrum, which showed the molecular ion at m/z 1089. Compound 1 was isolated as mixture of trans and cis isomers, derived from the relative disposition of the PPh 3 and CO ligands, in which the trans isomer predominates. The cis-1 isomer (C s symmetry) was observed as a doublet centered at 37.04 ppm (d,
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J Rh-P = 166.5 Hz) in the 31 P{ 1 H} NMR spectrum (C 6 D 6 , 213K). However, the trans-1 isomer (C 2 symmetry) showed a distinctive complex resonance corresponding to an AA'XX' spin system due to a large J Rh-P coupling and smaller 2 J Rh-P , 3 J P-P and J Rh-Rh coupling constants. 19 The observed signal correlates well with the 70 calculated spectrum using the parameters reported in the experimental section. The trans:cis ratio in purified 1 (62:38) is different from the ratio observed in the crude compound (50:50) and in the starting bis-hydrosulfido complex [Rh(µ-SH) 76% yield. The spectroscopic data were in agreement with the C 2v structure (Scheme 2) and, consequently, a single resonance for the equivalent P(OPh) 3 ligands was seen at 113.51 ppm (J Rh-P = 292 Hz) in the 31 P{ 1 H} NMR spectrum. The reaction of [Rh(µ-SH) + at m/z 1441.6 resulting from the loss of the chlorido ligand. The 1 H NMR of 5 in C 6 D 6 showed two resonances in the Cp* region at 1.85 and 1.58 ppm which points to an asymmetric structure resulting from the coordination of the 20 chlorido ligand. Although a triangular structure with a bridging chlorido ligand at one of the Rh-Ir edges would fulfill the symmetry requirements, it would result in a 18 e -Rh(I) centre. Taking into account that the equivalent P(OPh) 3 ligands in 5 were observed at similar chemical shift and comparable J Rh-P coupling 25 constant that those of 4 (4, 117.24 ppm, J Rh-P = 293 Hz; 5, 121.54 ppm, J Rh-P = 290 Hz), the more likely structure should have a Cp*IrCl fragment with a terminal chlorido ligand, although a weak interaction with the adjacent rhodium centre can not be excluded. 4 ] obtained by thermolysis of a triangular RhRe 2 cluster in the presence of H 2 S (g). 21 The molecular structure of 3 has been determined by X-ray 50 analysis and it is shown in Figure 1 . 3 features an almost isosceles Rh 3 triangle capped, at both sides, by two triply bridging sulfido ligands, with a mean distance between the sulfur atoms and the trimetallic plane of 1.5438(5) Å, resulting in a trigonal bipyramidal Rh 3 S 2 core. The Rh-Rh distances in the 55 trimetallic core suggest the existence of two weak Rh-Rh interactions, Rh(1)-Rh(2) and Rh(1)-Rh(3), with distances of 2.9415(4) and 2.9505(4) Å. The Rh(2)-Rh(3) distance is slightly longer, 3.1500(4) Å, probably due to the bulkiness of the phosphite ligands, and shorter than in the bis-hydrosulfido 60 rhodium precursor (3.2484(5) Å).
14 This intermetallic bond distances scheme compares well with that observed in the closely related compound [Cp*Ir(µ 3 -S) 2 {Rh(cod)} 2 ], where two weak Rh-Ir interactions were proposed (Ir-Rh 2.9269 (6) 
Synthesis and characterization of PdRh 2 and PtRh 2 sulfido compounds
The mixed-metal sulfido-bridged aggregates [(cod)Pd(µ 3 -S) 2 Compounds 8 and 9 were isolated as a mixture of the trans and cis isomers being the former the major isomer in both cases. It is noteworthy that the trans/cis ratio in crude 9, 56:44, was quite different from the 84:16 ratio observed in the isolated compound. This fact is a consequence of the different solubility because the interconversion between both isomers has not been observed. The labelling scheme reflects the imposed C2 crystallographic symmetry (primed atoms refer to symmetry equivalents through symmetry transformation: 1-x, y, ½-z). Bond distances (Å) and angles (deg) in the metal core: Pt-S(1) 2.3120(7), Pt···Rh(2) 3.
The molecular structures of 6, 7 and 9 have been determined by single crystal X-ray analysis and are shown in Compounds 6 and 7 show a further closing of the hinge angle defined between the two square-planar Rh I coordination planes, from a value of 126.59(2)º in 3, to a value of 121.37(4)º in 6 and 117.44(3) in 7 due to the higher steric requirement of the cod 45 ligand if compared with that of the Cp*. The presence of less sterically demanding terminal ligands in 9, PPh 3 and CO, allows this angle to open till a value of 125.67(2)º. It is noteworthy to comment that compounds 6 and 9 display a similar pattern of intermetallic distances to that described in 3, 50 with two shorter Rh…M distances and a longer Rh…Rh separation (3.0645(10) and 3.0757 (9) vs. 3.1505(11) Å in 6, and 3.0572(3) vs. 3.1135(4) Å in 9). However, all the three intermetallic distances are nearly identical in 7 with values in a narrow range, 3.0829-3.0906(8) Å. In spite of the different 55 terminal ligands bonded to the Rh I atoms, neither the Rh-S bond distances, nor the M-S bond separations, display significant differences, with statistically identical mean values in all the three structures (2.3655 (9) and 2.3137(14) in 6, 2.3635(7) and 2.3179(8) in 7, and 2.3649(5) and 2.3120(7) Å in 9). The major 60 difference observed in the bond distances concerns the coordination of the cod ligand to the two diverse metals, Pd (6) and Pt (7 and 9), showing shorter M-C separations (and longer C=C bond distances) for the platinum aggregate. The composition of the metal core in both compounds was 30 established by the MS-ESI that showed the corresponding molecular ions. In addition, the ESI+ spectrum of 12 showed dicationic species resulting from the loss of a sulfido ligand and carbonyl or arene/carbonyl ligands at m/z 486.9 and 447.9, respectively. The arene ligand in 11 was observed at 4.47 ppm in 35 the 1 H NMR spectrum. Compound 12 showed two resonances at 5.38 and 5.36 ppm corresponding to the arene ligand of the trans and cis isomers (64:36 ratio), respectively. The molecular structure of 11 has been determined by X-ray analysis and is shown in Figure 4 . The whole molecule resembles 40 quite well the molecular structure of 3 where the 'RhCp*' fragment has been substituted by an isoelectronic 'Ru(η 6 -C 6 H 6 )'
group. The molecule exhibits a Ru(µ 3 -S) 2 are rather similar to those observed in 3; thus the sulfur atoms are 1.5497(4) Å out of the plane defined by the three metal (1.5438(5) Å in 3). Although the intermetallic separations in the heterometallic triangle show a similar pattern to that observed in 3 (and also in 6 50 and 9),-with two shorter Rh…M distances and a Rh … Rh longer one,-a difficult-to-explain asymmetry appears in this structure where the two shorter separations are significantly different, 2.8996(3) and 3.0007(4) Å, diverse also from the longer Rh … Rh distance, 3.1489(3) Å. This asymmetry also seems to affect the 55 Rh-S bond distances which show statistically different values for both chemically identical Rh-S links: consider, for instance, 2.3305(6) for Rh(2)-S(1) and 2.3439(6) Å for Rh(2)-S(2). As in 3, the ideal addition of the 'Ru(η 6 -C 6 H 6 )' fragment to the dinuclear parent compound [Rh(µ- 2-by reaction with n-BuLi. Unfortunately, this synthetic approach sometimes results in the formation of aggregates with the undesired metal composition and/or unidentified byproducts.
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From the structural point of view, the studied molecular structures have been useful to show the flexibility of the parent [Rh 2 
2-metalloligand, that modifies its hinge interplanar angle to accommodate the coordination of different metal fragments according with their electronic and steric requeriments.
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Experimental
General considerations
All manipulations were performed under a dry argon atmosphere using Schlenk-tube techniques. All reactions were carried out at room temperature (RT) unless otherwise stated. Elemental C, H and N analysis were performed in a Perkin-Elmer 2400 CHNS/O microanalyzer. We were unable to obtain satisfactory elemental analyses for the RuRh 2 compounds because of their air sensitivity although their identity and purity was established by NMR spectroscopy. Electrospray mass spectra 20 (ESI-MS) were recorded on a Bruker MicroTof-Q using sodium formiate as reference. MALDI-TOF mass spectra were obtained on a Bruker MICROFLEX spectrometer using DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) or ditranol as matrix. .06 (d, J Rh-P = 167.7 Hz) (cis-2), 38.52 (dm, AA'XX' spin system, J Rh-P = 171.7 Hz, 2 J Rh-P ≈ -0.6 Hz, 3 J P-P ≈ 5. [PdCl 2 (cod)] (0.010 g, 0.035 mmol) to give a brown solution, which was stirred for 2 h. The solvent was removed under reduced pressure and the residue extracted with toluene (2 x 2 mL) and then filtered. The solution was concentrated under vacuum to ca. 1 mL and then n-hexane (10 mL) was added to 110 give a light brown solid. The solid was collected by filtration, washed with n-hexane and then vacuum-dried. Yield: 0.030 g (53%). Found: C, 55.44; H, 4.18; S, 3.49 (m, Ph), Ph), 7.01 (m, Ph), 7. Ph), 5.58 (m, =CH, cod, 5.27 (m, =CH, cod, 5.05 (m, =CH, cod, 4.74 (m, =CH, cod, (m, Ph, Ph), Ph), Ph), 5.13 (m, =CH cod, in THF (5 mL) at 253 K, n-BuLi (64 µL, 1.6 M, 0.10 mmol) was added. The solution was stirred for 15 min and then reacted with [(η 6 -C 6 H 6 )RuCl 2 ] 2 (0.020 g, 0.040 mmol). The solution was allowed to warm to RT and stirred for 4 h to give a purple suspension. The solvent was removed under vacuum and the 95 residue extracted with toluene (2 x 2 mL) and then filtered. The solution was brought to dryness under vacuum to give a dark purple solid. The solid was dissolved in CH 2 Cl 2 (1 mL) and layered with MeOH (8 mL) and kept at 243 K to give blackpurple microcrystals of the compound. The crystals were washed 100 with MeOH (2 x 1 mL) and dried under vacuum. Yield: 0.035 g (52% 
Crystal Structure Determination
15
Single crystals for the X-ray diffraction study of 3 (red prisms) and 9 (golden yellow microcrystals) were grown by slow diffusion of diethyl ether into CH 2 Cl 2 solutions of the complexes at 273 K. Suitable crystals of 6 (red needles), 7 (yellow blocks) and 11 (red prisms) were grown by slow diffusion of n-hexane 20 into dichloromethane solutions of the compounds at 273 K. Data were collected on a Bruker SMART APEX CCD (3, 6, and 7) or in a Bruker APEX DUO (11) conventional area-detector diffractometers. In the case of 9, data were collected in the single axis HUBER diffractometer of the BM16 CRG beamline at the 25 ESRF. Data were measured in all cases at low temperature (100(2) K) and using graphite-monochromated Mo-Kα radiation (λ = 0.710 73 Å) for those crystals measured at local diffractometers or using Silicon(111) monochromated synchrotron radiation for 9 (λ = 0.73820 Å). Conventional data 30 were processed using SAINT-PLUS 26 and corrected for absorption using a multiscan method applied with SADABS 27 program; synchrotron intensities were integrated with HKL2000 suite 28 and corrected for absortion through the use of SORTAV program. 29 The structures were solved by direct methods with 
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